This paper discusses developments in the mitigation of light-induced degradation caused by boron-oxygen defects in boron-doped Czochralski grown silicon. Particular attention is paid to the fabrication of industrial silicon solar cells with treatments for sensitive materials using illuminated annealing. It highlights the importance and desirability of using hydrogen-containing dielectric layers and a subsequent firing process to inject hydrogen throughout the bulk of the silicon solar cell and subsequent illuminated annealing processes for the formation of the boron-oxygen defects and simultaneously manipulate the charge states of hydrogen to enable defect passivation. For the photovoltaic industry with a current capacity of approximately 100 GW peak, the mitigation of boron-oxygen related light-induced degradation is a necessity to use cost-effective B-doped silicon while benefitting from the high-efficiency potential of new solar cell concepts. approximately 75 GW peak (GWp) of PV power was installed, taking the cumulative installed PV capacity to >300 GWp [5] .
Introduction
One of the most significant challenges for humanity is the need to shift away from using fossil fuel technologies for electricity generation and transportation needs with a transition towards the use of renewable resources. Without additional efforts to reduce greenhouse gas emissions beyond those already in place today, the projected emissions growth, driven by continued population and economic growth, is expected to result in an average increase of an alarming 3.7-4.8 • C by 2100, compared to pre-industrial levels [1] . Such increases in atmospheric CO 2 levels could lead to dramatic changes in the thermohaline circulation patterns that regulate the world's climate, with severe consequences for marine and terrestrial ecosystems [2] . As a result, significant cuts to anthropogenic greenhouse gas emissions are required by 2050 to avoid these dramatic changes. One promising approach to reduce greenhouse gas emissions is through the widespread adoption of photovoltaics (PV) for electricity generation. The PV industry is rapidly growing, with astonishing growth rates of 30-50% per annum since the 1990's [3, 4] , alongside significant reductions in cost [5] . In 2016,
Alternative Silicon Materials to Avoid Boron-Oxygen (B-O) Light-Induced Degradation (LID)
Fundamentally, B-O related LID occurs in industrial p-type Cz silicon solar cells due to the simultaneous presence of boron and interstitial oxygen (O i ) in the silicon wafer. Some studies have investigated the impact of the concentration of both boron and O i on the extent of B-O LID. The recombination rate from B-O defects is often used to provide a quantitative estimation of the defect concentration, denoted as the normalised defect density (N BO * ) [20] . The N BO * is strongly dependent on the interstitial oxygen concentration ([O i ]) [21] , scaling approximately quadratically with [O i ] [8, [22] [23] [24] . A strong dependence of N BO * on the boron doping concentration has also been observed. For the most common Cz wafers used in the industry [5] , doped solely with boron, the N BO * scales approximately linearly with the boron doping concentration [20, 22, 23, 25, 26] . This boron-doping dependence is also the case for p-type Cz wafers co-doped with boron and gallium [27] . Even phosphorous-doped n-type Cz-Si partially compensated with boron shows B-O LID, although in that case, the kinetics differ, most probably due to the fundamentally different background conditions (carrier concentrations, Fermi level position etc.) [28] [29] [30] . For further details, see Ref. [12] . For p-type Cz wafers doped solely with boron, an empirical model of the stable carrier lifetime after the formation of B-O defects was presented in early work. This work established a reduction in carrier lifetime scaling approximately linearly with increasing boron concentration and quadratically with increasing [O i ] [23] . Subsequently, one option to avoid B-O related LID is to modify the source material used to make the solar cells. In particular, a reduction in the extent of B-O LID can be achieved by reducing either the boron or O i concentration in the silicon material.
Decreasing the Interstitial Oxygen Concentration
A negative side effect of Cz growing technique is a quite strong level of oxygen contamination. Silicon feedstock is melted in a quartz (SiO 2 ) crucible from which the crystal is pulled with rather low growth rates. As molten silicon is highly reactive, it partially dissolves the crucible during growth thus continuously enriching the melt with oxygen, which then is incorporated unintentionally into the growing crystal.
Several alternative crystallisation approaches exist that can reduce the interstitial oxygen concentration in silicon wafers. When using mono-crystalline silicon one approach to reduce the [O i ] is to use Float-zoned (FZ) silicon. FZ silicon typically has an [O i ] two orders of magnitude lower than that in Cz material [31] , which suppresses B-O related LID [21] . However, FZ silicon wafers are significantly more expensive than those produced from Cz silicon and hence not preferred by solar cell manufacturers. FZ silicon can also be subject to various other defects, such as nitrogen related defects or LID effects that can significantly reduce bulk lifetimes [32] [33] [34] .
For Cz silicon, [O i ] may be reduced by applying magnetic fields during crystal growth, manipulating convective flows in the melt [35, 36] . However, this technique has proven challenging for the current size of industrial Cz ingots and throughput/cost constraints for solar cell fabrication. Alternatively, coatings such as silicon nitride can be used on the wall of the crucible [37] to reduce [O i ] by up to one order of magnitude [38, 39] . This method is commonly used by the industry. Control of the crystallisation parameters such as crucible and crystal rotation, pressure and ambient atmosphere can also reduce [O i ] [37] .
Alternatively, casting methods can be used to reduce the [O i ] in the silicon wafers [40] . However, the casting method results in multi-crystalline crystal growth with large structural defects such as dislocation clusters and grain boundaries. Also, a range of contaminants is often introduced into the silicon ingot that typically originates from less pure crucible material. Both structural defects and contaminations reduce carrier lifetime [41, 42] and thus solar cell efficiency, especially when a cell architecture like PERC (passivated emitter and rear cell) is used which benefits from high carrier lifetimes. BP Solar developed a promising casting approach to eliminate grain boundaries by seeding the growth of mono-crystalline silicon [43] . Unfortunately, this material suffers from significant quality variations throughout the ingot due to the generation of high dislocation densities [44] and unintended partial multi-crystalline crystal growth. As a result, the industry has not adopted this approach to date [45] . An alternative casting method seeds the crystal growth to deliberately reduce the grain size, therefore reducing dislocation densities, to produce "high-performance multi" [46] . This material is rapidly being adopted by the industry to replace conventional cast silicon material [5] . However, these wafers suffer from a different form of degradation that can reduce cell performance by as much as 12% relative [7, [47] [48] [49] [50] , which has posed a significant challenge for solar cell manufacturers with the transition to the PERC cell technology [5] . In general, while cast silicon material is cheaper than Cz silicon and less susceptible to B-O LID, the casting methods introduce more severe recombination mechanisms into the silicon bulk. At the end of 2017 (6 December) wafer prices were US$0.629 for high-performance multi-crystalline silicon and US$0.716 for mono-crystalline silicon and Al-BSF cell prices were US$0.894 for multi-crystalline silicon and US$1.005 for mono-crystalline silicon [19] . Assuming identical processing costs per cell, US$0.024 will be lost for each cell by solar cell manufacturers by fabricating multi-crystalline silicon wafers. This loss equates to US$500 M for the year assuming an annual capacity of 100 GW and 4.8 W per mono-crystalline cell.
Decreasing the Boron Doping Concentration
Another alternative to fabricating wafers that are less susceptible to B-O LID is the use of wafers with reduced boron doping concentration and hence higher bulk resistivity. Decreasing the boron doping concentration not only reduces the concentration of B-O defects but has the added benefit Appl. Sci. 2018, 8, 10 4 of 19 of reducing the sensitivity to Shockley-Read-Hall (SRH) recombination [51, 52] . However, for PERC solar cells, this increases bulk resistance in the device for the lateral flow of majority carriers to the localised p-type contacts. Hence, there is a trade-off between reducing the effects of reducing SRH recombination in general and B-O LID in particular and increasing series resistance within the bulk. As a result, mid-range doping around 2-5 Ωcm is mostly used in industrial applications.
Boron can also be substituted with other dopants. If retaining a p-type substrate, typically gallium is used. The benefit of using gallium-doped wafers is that they are free of any B-O related LID effects. However, like boron-doped wafers, they are susceptible to the formation of acceptor-iron pairs [53, 54] . A weakness of gallium-doped ingots is the substantially lower segregation coefficient for gallium (8 × 10 −3 ) than that for boron (0.8) [55, 56] . The low segregation coefficient results in a large range of wafer resistivities throughout a Cz ingot that can lead to significant variations in the electrical parameters and potentially reduce the usable portion of the ingot. Other p-type dopants such as aluminium or indium can also be used. The drawback is that these have even smaller segregation coefficients than gallium of 2 × 10 −3 and 4 × 10 −4 , respectively [55, 56] . Furthermore, aluminium is susceptible to the formation of recombination active defects with O i [57] and indium doped Cz wafers are also susceptible to LID [58] .
Phosphorus-doped n-type wafers can also be used to eliminate B-O defects, provided that the material is not compensated with boron dopants [25] . Two strengths of n-type wafers are that they are less susceptible to intrinsic recombination [59] as well as to SRH recombination from impurities such as iron [60] . Besides, for a given resistivity, n-type wafers have a lower dark saturation current than their p-type counterparts. As a result, n-type wafers have higher lifetimes than p-type wafers. On the other hand, n-type wafers are more susceptible to SRH recombination from other metallic impurities such as nickel, copper, chromium and cobalt that are more difficult to getter than iron [60] . The minority carrier mobility is also lower in n-type silicon than in p-type silicon.
The use of n-type wafers can require significant processing and equipment changes for industrial solar cell fabrication. The processing sequence used can be more thermally and energy intensive and is typically more complicated than that required for p-type substrates. For example, if using a conventional homo-junction device structure, extended high-temperature diffusion processes are required for boron-doped emitter formation in n-type substrates as compared to phosphorous-doped emitter formation in p-type substrates due to the substantially lower diffusion coefficient of boron than that of phosphorus [55] . The high thermal budget required can induce the formation of other oxygen-related defects such as oxygen precipitates [61] that can be more severe than B-O related degradation [62, 63] . Phosphorus also has a smaller segregation coefficient (0.35) [55, 56] than that of boron, leading to larger variations in the bulk doping throughout the ingot. More recently, other LID effects have also been observed in the seed-end of n-type Cz ingots that can reduce performance by 10% relative [64] .
Additional Non-Boron Related Doping During Crystal Growth
Other modifications can be made during the crystallisation process to reduce the extent of B-O related degradation. These modifications include the use of germanium or carbon co-doping [22, 65] . In the case of germanium doping, the doping is believed to enhance the diffusivity barrier for O i , or form Ge-O complexes, therefore reducing the availability of interstitial oxygen species to form B-O defects [65] . However, the required germanium doping in the order of 1 × 10 20 cm −3 to prevent LID is probably not desirable for industrial-scale production due to the increased ingot growth costs and tendency to induce the nucleation of multi-crystalline silicon growth [65, 66] . For carbon co-doping, carbon is believed to compete with boron for the formation of complexes with oxygen [67] . There are also uncertainties as to the impact carbon has in reducing the lifetime of silicon. For example, recent work has identified the formation of strong recombination active carbon-oxygen-hydrogen complexes in n-type silicon [68] . Therefore, the co-doping of boron-doped ingots with germanium or carbon does not appear to be a viable solution for completely avoiding B-O related degradation, without introducing other performance limiting defects.
In summary, the methods described above are all capable of reducing B-O LID. However, they all come with either economic or technological drawbacks, typically resulting in a less cost-effective production as compared to Cz-Si with optimal doping level before B-O LID. It is therefore unsurprising that, even though the alternatives are known for many years, only the use of multi-crystalline silicon material is widespread in the industry. Furthermore, p-type Cz silicon solar cells are going from strength to strength with continual improvement in solar cell efficiencies. Since 2012, record efficiencies on industrial p-type Cz solar cells have increased from 20.3% to 22.7% [69, 70] . As a result, p-type Cz silicon is likely to continue to have a significant market share well into the future, with the most recent International Technology Roadmap for Photovoltaics (ITRPV) predicting a market share of approximately 30% over the next ten years [5] . However, the continued use of p-type Cz will rely on processes to mitigate B-O related LID. With such processes, more heavily boron-doped substrates can be used, resulting in reduced lateral resistive losses in PERC solar cells.
Processes to Eliminate B-O LID
Broadly speaking, two approaches can be used to reduce the extent of B-O related degradation throughout cell fabrication and avoid the drawbacks of using alternative silicon materials. Firstly, thermal processes performed at relatively high temperatures in the absence of light (or with low residual illumination intensities from the heating elements). Secondly, annealing processes with the deliberate addition of carrier injection from either illumination or an applied bias performed at lower temperatures. However, there are significant differences in the underlying mechanisms and the extent of degradation they can mitigate.
A high-level diagrammatic representation of the B-O defect system is shown in Figure 1 . Four states are shown, although, in reality, the system is much more complicated. State A represents the recombination-inactive but unstable defect precursor states. State B represents the recombination-active states of the B-O defect. State C represents the regenerated state of the B-O defect stable under subsequent illumination. State D represents the thermally annihilated state of the B-O defect precursor(s), presumably species of boron and oxygen. The transition from state A to B (degradation) represents the reduction of the minority carrier lifetime with exposure to illumination. The reverse reaction from state B to A (defect annihilation) represents the unstable recovery of lifetime with dark annealing. The transition from state B to state C (regeneration) is the stable recovery of lifetime with illuminated annealing at elevated temperatures. Hence this pathway for eliminating B-O related LID requires the formation of the defect for regeneration to take place. The reverse reaction from state C to B (destabilisation) is the de-passivation of the defect from dark annealing or illuminated annealing at excessively high temperatures. It should be noted that in several publications, this reaction is drawn from state C to A, often as a two-step reaction via state B. However, the kinetics can be explained by the destabilisation reaction occurring from state C to B, with an almost immediate annihilation of the defects (B to A) given the much higher reaction rate for defect annihilation [71] . The reaction from state A to state D (precursor annihilation) represents the thermal killing of defect precursors with high-temperature processing. This transition does not appear to require the pre-formation of the defects. The reverse reaction from state D to state A (precursor formation) is the thermal formation of the precursors at intermediate temperatures. Appl. Sci. 2018, 8, 10 5 of 20 In summary, the methods described above are all capable of reducing B-O LID. However, they all come with either economic or technological drawbacks, typically resulting in a less cost-effective production as compared to Cz-Si with optimal doping level before B-O LID. It is therefore unsurprising that, even though the alternatives are known for many years, only the use of multicrystalline silicon material is widespread in the industry. Furthermore, p-type Cz silicon solar cells are going from strength to strength with continual improvement in solar cell efficiencies. Since 2012, record efficiencies on industrial p-type Cz solar cells have increased from 20.3% to 22.7% [69, 70] . As a result, p-type Cz silicon is likely to continue to have a significant market share well into the future, with the most recent International Technology Roadmap for Photovoltaics (ITRPV) predicting a market share of approximately 30% over the next ten years [5] . However, the continued use of p-type Cz will rely on processes to mitigate B-O related LID. With such processes, more heavily boron-doped substrates can be used, resulting in reduced lateral resistive losses in PERC solar cells.
A high-level diagrammatic representation of the B-O defect system is shown in Figure 1 . Four states are shown, although, in reality, the system is much more complicated. State A represents the recombination-inactive but unstable defect precursor states. State B represents the recombinationactive states of the B-O defect. State C represents the regenerated state of the B-O defect stable under subsequent illumination. State D represents the thermally annihilated state of the B-O defect precursor(s), presumably species of boron and oxygen. The transition from state A to B (degradation) represents the reduction of the minority carrier lifetime with exposure to illumination. The reverse reaction from state B to A (defect annihilation) represents the unstable recovery of lifetime with dark annealing. The transition from state B to state C (regeneration) is the stable recovery of lifetime with illuminated annealing at elevated temperatures. Hence this pathway for eliminating B-O related LID requires the formation of the defect for regeneration to take place. The reverse reaction from state C to B (destabilisation) is the de-passivation of the defect from dark annealing or illuminated annealing at excessively high temperatures. It should be noted that in several publications, this reaction is drawn from state C to A, often as a two-step reaction via state B. However, the kinetics can be explained by the destabilisation reaction occurring from state C to B, with an almost immediate annihilation of the defects (B to A) given the much higher reaction rate for defect annihilation [71] . The reaction from state A to state D (precursor annihilation) represents the thermal killing of defect precursors with high-temperature processing. This transition does not appear to require the preformation of the defects. The reverse reaction from state D to state A (precursor formation) is the thermal formation of the precursors at intermediate temperatures. 
Thermal Processing
Thermal processing can reduce the extent of B-O related degradation by reducing the concentration of the B-O defect and precursors [72, 73] . For example, high-temperature processes such as phosphorus diffusion, thermal oxidation and annealing can reduce the B-O defect concentration and therefore increase the stable excess carrier lifetime of the silicon [8, 13, [74] [75] [76] [77] . However, if inappropriate parameters are used during thermal processing, it is possible to worsen the situation by increasing the defect concentration [72, 74] . It appears that the rapid cool down from the high temperature plays a critical role in determining the defect concentration [75, 78] , possibly through a reduction in [O i ] [79] . This influence is supported by recent studies, which have shown that the fast-firing process used for the metallisation of industrial silicon solar cells can lead to a permanent reduction in the B-O defect concentration [73, [80] [81] [82] . Extended anneals at lower temperatures in the range of 400-700 • C can also reduce the B-O defect concentration probably through a reduction in the concentration of interstitial oxygen dimers [78, 79] ; however, extended annealing at sub-optimal conditions can also lead to an increase in the B-O defect concentration [72] .
Annealing Incorporating Minority Carrier Injection
Rather than reducing the defect precursor concentration, anneals that incorporate minority carrier injection can lead to an electrical neutralisation of the formed defects and the recovery of the carrier lifetime. The role of illuminated annealing processes at elevated temperatures for the permanent deactivation of B-O defects was first identified by Herguth et al. in 2006 [83,84] . Importantly, it was observed that the lifetime recovery that occurs with illuminated annealing is stable with subsequent exposure to illumination at typical solar panel working conditions. This recovery is typically termed 'regeneration' or 'passivation'. With the identification of an additional stable high-lifetime state, a three-state model was developed to describe the B-O defect system [83] . This model has formed the basis for numerous studies investigating the kinetics of the B-O defect system [10, 12, [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] .
Unlike dark thermal processes that tend only to reduce the B-O defect concentration but not completely eliminate B-O defects, illuminated annealing demonstrated the ability to completely overcome B-O related LID provided that temperatures below 230 • C were used [86, 95, 96] . This breakthrough offered new hope for industrial p-type solar cells fabricated on boron-doped Cz silicon wafers to overcome the LID that had plagued the industry, without the typical Pareto trade-offs that occur when using alternative silicon materials. However, the time scales for the permanent recovery were in the order of minutes to hours in the early studies and hence too slow for commercial production.
Although this paper discusses the role of illumination in the permanent deactivation of B-O defects, the reaction has been demonstrated to be driven by excess minority carriers [86, 90, 91, 97, 98] and can also be induced by the application of a forward bias [83, 84, 86, 98] . However, for rapid processes, the currents required would generate significant variations in carrier concentrations throughout the devices and thus are not the preferred approach. The following section discusses progress in the fundamental understanding of illuminated B-O LID mitigation processes over the last ten years that have led to the development of rapid processes for LID mitigation.
Progress in the Understanding of Illuminated B-O LID Mitigation Processes

Role of Hydrogen
Hydrogen is well-known to passivate some metallic and non-metallic defects in silicon [99, 100] circuit voltage and efficiency with illuminated annealing. Subsequent work by various groups has provided strong evidence for the role of hydrogen in the permanent deactivation process. Wilking et al. showed that the degree of bulk hydrogenation in a remote hydrogen plasma (instead of the commonly used PECVD SiN x :H layers as hydrogen source) correlates with the kinetics of passivation [102] as well as the expected release of hydrogen from boron-hydrogen pairs [87] . Wilking et al. [103] and Walter et al. [104] showed that the firing step mainly responsible for contact formation has a significant impact on the kinetics of passivation most probably as it determines the degree of hydrogenation of the silicon bulk. Also, it was observed that increasing the hydrogen content in dielectric layers can lead to an increase in the hydrogen concentration within the silicon, which correlates well with an acceleration of the passivation [102, 103, [105] [106] [107] [108] .
Manipulation of Hydrogen Charge States
In silicon, interstitial hydrogen is a negative-U impurity that can assume three different charge states, taking on either a positive (H + ), neutral (H 0 ) or negative (H − ) charge state [109] . The charge state has important implications for the diffusivity and reactivity of the hydrogen [110, 111] . For example, the diffusion of both H + and H − is impeded by the attraction to ionised dopant atoms. In contrast, H 0 can move freely without the influence of electrostatic effects and has a diffusivity orders of magnitude higher than that of H + and H − [110, [112] [113] [114] .
The fractional charge state distributions of hydrogen in silicon are determined by the availability of free electrons in the lattice. In thermal equilibrium, this is heavily dependent on the background doping of the silicon. For p-type silicon, due to a deficiency of electrons, almost all hydrogen is H + . For n-type silicon, due to an excess of electrons, almost all hydrogen is H − . For both p-type and n-type silicon, H 0 is always a minority charge species, present in only minute concentrations.
However, the fractional charge state distributions determined by the dominant conductivity of the silicon material can be overcome through the use of minority carrier injection. Minority carrier injection can be achieved by using illumination and can lead to substantial increases in the concentration of highly mobile and reactive H 0 [111, 115] . Some studies have discussed the influence of modulating the charge state of B-O defects and hydrogen for the passivation of B-O defects [87, 102, [116] [117] [118] [119] . One study, in particular, demonstrated a correlation between the theoretically predicted concentrations of H 0 and the regeneration reaction rate using a quasi-Fermi based model [119] , highlighting the critical role of manipulating hydrogen charge states to increase the concentration of the minority hydrogen charge species to enable B-O defect passivation. Nevertheless, it remains unclear what species of hydrogen and/or B-O defect is required for the passivation reaction to take place. This uncertainty is partly due to the proximity of the reported donor and acceptor levels of the B-O defect [120] with the energy level at which the majority hydrogen charge state switches from H + to H − (see Figure 2 ) [109] . enhanced chemical vapour deposited (PECVD) silicon nitride (SiNx:H) displayed a subsequent recovery of open circuit voltage and efficiency with illuminated annealing. Subsequent work by various groups has provided strong evidence for the role of hydrogen in the permanent deactivation process. Wilking et al. showed that the degree of bulk hydrogenation in a remote hydrogen plasma (instead of the commonly used PECVD SiNx:H layers as hydrogen source) correlates with the kinetics of passivation [102] as well as the expected release of hydrogen from boron-hydrogen pairs [87] . Wilking et al. [103] and Walter et al. [104] showed that the firing step mainly responsible for contact formation has a significant impact on the kinetics of passivation most probably as it determines the degree of hydrogenation of the silicon bulk. Also, it was observed that increasing the hydrogen content in dielectric layers can lead to an increase in the hydrogen concentration within the silicon, which correlates well with an acceleration of the passivation [102,103,105-108].
The fractional charge state distributions of hydrogen in silicon are determined by the availability of free electrons in the lattice. In thermal equilibrium, this is heavily dependent on the background doping of the silicon. For p-type silicon, due to a deficiency of electrons, almost all hydrogen is H + . For n-type silicon, due to an excess of electrons, almost all hydrogen is H − . For both p-type and ntype silicon, H 0 is always a minority charge species, present in only minute concentrations.
However, the fractional charge state distributions determined by the dominant conductivity of the silicon material can be overcome through the use of minority carrier injection. Minority carrier injection can be achieved by using illumination and can lead to substantial increases in the concentration of highly mobile and reactive H 0 [111, 115] . Some studies have discussed the influence of modulating the charge state of B-O defects and hydrogen for the passivation of B-O defects [87, 102, [116] [117] [118] [119] . One study, in particular, demonstrated a correlation between the theoretically predicted concentrations of H 0 and the regeneration reaction rate using a quasi-Fermi based model [119] , highlighting the critical role of manipulating hydrogen charge states to increase the concentration of the minority hydrogen charge species to enable B-O defect passivation. Nevertheless, it remains unclear what species of hydrogen and/or B-O defect is required for the passivation reaction to take place. This uncertainty is partly due to the proximity of the reported donor and acceptor levels of the B-O defect [120] with the energy level at which the majority hydrogen charge state switches from H + to H − (see Figure 2 ) [109] . 
Alternative Theory for Permanent Deactivation and Confusion Related to the Involvement of Hydrogen
Despite evidence from numerous authors on the involvement of hydrogen [87, 101, 107, 116] , there has been some debate over the role of hydrogen in the regeneration process [80] . In particular, it has been suggested that thermal effects during fast firing and the impact of plasma processing are responsible for the permanent deactivation of the defects, rather than the introduction of hydrogen [72, 121] . One theory was proposed, suggesting that the fast cooling rates reduce the concentration of interstitial boron-oxygen pairs (B i -O 2 ) and increase the sinking efficiency of boron nano-precipitates, which then determines the rate constant for regeneration [80] . However, subsequent studies have confirmed the critical role of the presence of a hydrogen-containing dielectric layer during firing and that the firing process alone cannot lead to complete suppression of B-O defect formation, nor is it purely caused by exposure to plasma processing [87, 122, 123] .
Subsequent attempts have also been made to prepare samples containing no hydrogen, using lean hydrogen dielectrics deposited at temperatures below 200 • C, with no following high-temperature process to introduce hydrogen into the silicon bulk [124] . These samples were observed to undergo permanent deactivation of the B-O defect, albeit at a rate many orders of magnitude slower than that with the intentional introduction of hydrogen. The authors argued that this demonstrated that hydrogen is not required for regeneration to take place but instead passivates other defects leading to higher lifetimes and hence carrier concentrations. It is, however, extremely challenging and perhaps impossible, to prepare samples containing no hydrogen. Hydrogen can be unintentionally introduced into silicon during a variety of processing steps such as ion-beam or chemical processing [125, 126] . Even a dilute HF dip at room temperature can result in significant amounts of atomic hydrogen diffusing several microns into the silicon [126] . With appropriate processing conditions and sufficient time, hydrogen can diffuse throughout a silicon wafer even at temperatures below 100 • C [127] . While high temperatures are often thought to be critical for introducing hydrogen to silicon solar cells, this is much more likely a function of the temperature required to release hydrogen from current commercial dielectrics than due to the limited diffusivity of the hydrogen within the silicon. The most logical conclusion to draw from this study [124] is then that samples containing much less hydrogen demonstrated a much slower regeneration rate when compared to samples with higher hydrogen concentrations.
Role of Defect Formation
In addition to providing a manipulation of hydrogen charge states to enable defect passivation, illumination also plays a critical role in accelerating the formation of defects, simply because a fast passivation process requires defects to form in the first place. On the one hand, a quadratic dependence of the defect formation rate on the equilibrium hole concentration (p 0 ) was observed [24, 27, 28, 94, 128] . On the other hand, a dependence of the defect formation rate on the illumination intensity was also observed for low illumination intensities, up to approximately 0.01 suns, at which the reaction rate saturated [8, 129] . This illumination intensity corresponds to a saturation of the electron dependence for the reaction with an excess electron concentration on the order of 1 × 10 11 cm −3 [130] . Above such excess electron concentrations, the reaction rate in p-type silicon is determined by the background boron-doping concentration, typically on the order of 1 × 10 16 cm −3 . However, Hamer et al. demonstrated that this fundamental limit of the defect formation rate imposed by the background doping concentration could be overcome by driving the silicon into high-injection conditions using high-intensity laser illumination [131] . It was proposed that the increased reaction rate with high-intensity illumination could be due to a dependence of the reaction rate on the total hole concentration, rather than the equilibrium hole concentration. This hypothesis has subsequently been confirmed by multiple authors [132, 133] . This breakthrough enabled full defect formation within four seconds, compared to typical defect formation processes requiring minutes to hours at temperatures below 200 • C using low-intensity illumination (in the order of~1-sun equivalent illumination) [134] .
The defect formation rate has important implications for the ability to eliminate B-O related LID [88, 89] . In particular, for conventional low-temperature processes, the defect formation rate is typically slower than that for passivation, hence resulting in a decay and subsequent recovery of lifetime during regeneration processes. Therefore, the ability to passivate B-O defects is limited by the availability of the defects for passivation [89] . Increasing the defect formation rate is therefore critical to accelerating the process of LID mitigation. Increasing the defect formation rate at a given temperature also increases the effectiveness of LID mitigation during illuminated annealing processes (the ratio of passivated to inactive defects). Higher defect formation rates enable the use of higher processing temperatures without sacrificing the effectiveness of LID mitigation [89, 93] . The increased temperatures can lead to a further acceleration of the processes due to the exponential dependence of the reaction rates on processing temperature as well as the increase in carrier concentrations and lifetime at higher temperatures [133, 135] . However, if an excessively high temperature is used, an incomplete regeneration will result [87] . Subsequently, the temperature is carefully chosen based on the illumination intensity used and typically in the range of 200-300 • C.
Rapid Laser-Based Processes for LID Elimination
The improved fundamental understanding of defect formation and the mechanisms involved in the permanent deactivation of B-O defects have enabled the development of rapid illuminated processes for eliminating LID. The requirement of high-intensity illumination to accelerate defect formation and for hydrogen charge state manipulations lean towards the use of laser-based hydrogenation processes [136] . Localised laser-based hydrogenation processes were demonstrated by Wilking et al. with time-constants for the regeneration reaction on the order of 0.1 s, provided that defects had been pre-formed [105] . A subsequent study using full-area laser-illumination demonstrated the ability to simultaneously form and passivate B-O defects to completely eliminate B-O related LID within ten seconds on standard aluminium back surface field solar cells, in a time-frame suitable for mass production [137, 138] . These rapid processes were performed at a temperature of approximately 300 • C, substantially higher than that used for effectively mitigating B-O related LID in previous studies.
Eliminating B-O LID during Cell and Module Fabrication
Although p-type Cz wafers are subject to B-O related LID, a key strength of p-type cell technologies is that they naturally incorporate processes that can enable the elimination of the LID [139] . For industrial p-type solar cells, hydrogen is introduced throughout the silicon bulk during conventional cell processing. This natural introduction of hydrogen allows for a relatively simple modification to the production process to enable the mitigation of B-O related LID during cell or module fabrication. The processing sequence for the fabrication of typical passivated emitter, rear contact (PERC) solar cells is shown in Figure 3 . The use of PECVD SiN x :H on the front surface as an antireflection coating creates a source of hydrogen in the device structure that can be manipulated with subsequent processing. In addition, rear surface passivation layers such as PECVD hydrogenated aluminium oxide (AlO x :H) and SiN x :H provide additional hydrogen sources. However, it should be noted that even though the AlO x :H layer may contain hydrogen, it can inhibit the diffusion of hydrogen from the overlying, hydrogen-rich SiN x :H layer into the bulk silicon and retard the regeneration rate [102] .
The co-firing process for forming the screen-printed metal contacts is another crucial process for the hydrogenation of B-O defects. This process acts to release hydrogen from the dielectric layers [103] and can enable the diffusion of hydrogen into the silicon and throughout the bulk [140] [141] [142] [143] . The high temperatures used for co-firing, typically in the vicinity of 700-900 • C, overcome issues with trapping, significantly increase the generation of H 0 and enhance the diffusivity of hydrogen [111] . 
LID Mitigation during Cell Fabrication
With hydrogen distributed throughout the cell during the co-firing process, a short-illuminated process can be used to form the B-O defects and provide the required hydrogen charge state manipulation to enable the regeneration of the B-O defects. This illuminated process can be achieved during the cool-down section of the high-temperature co-firing process, or as a separate thermal process after co-firing. Several companies, including Centrotherm (Blaubeuren, Germany), Despatch Industries (Mineapolis, MN, USA), Schmid (Freudenstadt, Germany), Asia Neo Tech (Taoyuan City, Taiwan), DR Laser (Wuhan, China) and Folungwin (Dongguan Shi, China) have tools available for LID mitigation that can reduce the extent of LID by approximately 75-80% [144] [145] [146] [147] . For tools with LID mitigation processes integrated into tools for the fast-firing of the metallisation contacts, any potential changes to belt speed resulting from the requirements of future pastes could directly impact B-O LID mitigation. As a result, standalone tools for B-O LID mitigation offer more flexibility with possible future processing changes. They also allow PV module manufacturers to perform LID stabilisation processes on cells fabricated by other manufacturers, before module encapsulation. These LID mitigation tools are tending towards higher and higher illumination intensities to accelerate the process and improve performance.
Currently, most tools are using intensities in the range of 5-20 suns [144] [145] [146] [147] . The illumination intensities used leads to industrial belt-furnace based tools typically requiring processing times of 25-45 seconds per wafer for the process. The requirement for high-throughput processes with an average of one wafer being processed every second (current industrial standard) thus means that multiple samples must be processed simultaneously. However, laser-based tools are capable of substantially higher illumination intensities, with a correlating decrease in process time. An alternative to the use of high-intensity illumination is the application of current injection to stabilise the cells. In this instance, cells are coin-stacked, with current passing through the entire stack [148] . However, this process results in additional stress and handling of the wafers and potentially an inhomogeneous heating of the wafers, which could reduce the effectiveness of the LID mitigation.
One potential issue with eliminating LID at the cell level, is that during module fabrication the cells are exposed to high temperatures. During soldering localised regions of the cells are exposed to temperatures >230 °C for few seconds and the whole module is exposed to temperatures in the vicinity of 150 °C for up to 15 min during encapsulation. Applying additional thermal processes after 
Currently, most tools are using intensities in the range of 5-20 suns [144] [145] [146] [147] . The illumination intensities used leads to industrial belt-furnace based tools typically requiring processing times of 25-45 s per wafer for the process. The requirement for high-throughput processes with an average of one wafer being processed every second (current industrial standard) thus means that multiple samples must be processed simultaneously. However, laser-based tools are capable of substantially higher illumination intensities, with a correlating decrease in process time. An alternative to the use of high-intensity illumination is the application of current injection to stabilise the cells. In this instance, cells are coin-stacked, with current passing through the entire stack [148] . However, this process results in additional stress and handling of the wafers and potentially an inhomogeneous heating of the wafers, which could reduce the effectiveness of the LID mitigation.
One potential issue with eliminating LID at the cell level, is that during module fabrication the cells are exposed to high temperatures. During soldering localised regions of the cells are exposed to temperatures >230 • C for few seconds and the whole module is exposed to temperatures in the vicinity of 150 • C for up to 15 min during encapsulation. Applying additional thermal processes after an LID mitigation process can destabilise the passivation [83] , allowing the material to once again degrade when exposed to illumination. Although a 15-min process at 150 • C is expected to destabilise less than 5% of the passivated defects, due to the large activation energy of the destabilisation reaction, any increase in temperature can lead to a significant increase in the number of defects that are destabilised. For example, increasing the temperature to 200 • C is expected to result in the destabilisation of approximately 20% of the passivated defects.
While destabilisation after regeneration is a potential issue for long-term performance, any condition in the field that results in a heating of the modules that could enable destabilisation, typically occurs in the presence of illumination. Hence, any defects destabilised during module encapsulation will tend to go back towards a passivated state under field operation.
B-O LID Mitigation during Module Encapsulation
Alternatively, LID mitigation can potentially be performed during encapsulation. Doing so has the advantage that module encapsulation is the last process in the fabrication sequence, therefore avoiding any subsequent destabilisation of the passivated defects during fabrication. LID mitigation can be performed using either current injection or with illumination, noting that in the latter case, significant modifications to existing lamination tools are required to enable illumination, potentially using transparent diaphragms. As a result, it would appear that implementing LID mitigation processes during module encapsulation using current injection is a much simpler approach. Using this method, Lee et al. demonstrated an 80% reduction in the extent of LID compared to a 60% reduction for regeneration processes performed at the cell level [15] . Although no processing details were given, the current requirements during lamination are on the order of 1 sun equivalent to have complete regeneration of the defects.
Natural Recovery from B-O Related LID during Operation in the Field
With an internal hydrogen source distributed throughout the bulk of the silicon from cell fabrication, normal operating conditions in the field can enable a natural recovery from B-O related defects [15, 16, 92] . During operation, modules can easily reach temperatures in excess of 50 • C, which is sufficient to enable a recovery of module performance. Lee et al. reported that within 700 h of operation at 50 • C with maximum power-point operation, the open circuit voltage (V OC ) loss due to LID had been reduced by 40%. An acceleration of this recovery can be achieved by leaving modules in open circuit, which is typical for modules during initial stages of installation. In open circuit condition at 60 • C, full recovery can be observed within 200 h of continuous illumination [15, 48, 149] . However, the time for a module to recover is heavily dependent on the mounting construction, geographical location of mounting and the time of year when the modules are installed, all of which can heavily influence the operating temperatures of the module [16] . These dependencies can result in recovery times ranging from several days to several years. The uncertainty of module outputs by relying on a natural recovery of the modules in the field could potentially create issues with financing projects. It is much more desirable that the long-term efficiency is known, which lends towards the implementation of LID mitigation processes during industrial solar cell or module fabrication.
Summary
B-O related LID has been an issue for photovoltaic industry since its early years and even now there is still a debate in relation to the fundamental properties of the defect. As a result, different strategies of avoidance were developed in the past, however, as all of these strategies where a trade-off between remaining B-O related LID losses and economic and technological drawbacks, BO-LID remained a serious problem. Over the last decade, a new approach was developed which focuses not on the avoidance of B-O defects but rather their neutralisation using illuminated annealing, or more specifically with carrier injection. Within this new approach, it is generally believed that hydrogen plays a key role in passivating the defects, hence the importance of using a hydrogen-containing dielectric layer with a subsequent high-temperature firing process to inject hydrogen throughout the bulk. This process improves the bulk lifetime of the material and can thermally annihilate B-O defect precursors, leading to a reduced extent of degradation and an increased minority carrier lifetime. During illuminated annealing, high intensity illumination can be used to accelerate defect formation and the charge state control of hydrogen and B-O defects is used to induce a long-lasting passivation of B-O defects. These developments have resulted in a number of industrial solutions for mitigating B-O related LID. In consequence, it seems now possible to eliminate B-O related LID completely within the manufacturing process without any drawbacks related to using alternative silicon materials and finally close the B-O related LID topic, at least for industrial applications.
